Wear characteristics were influenced by the parameters of wear-testing apparatus including configuration of contact surface and form of the relative motion. The tribological behavior of polytetrafluoroethylene (PTFE) disk against AISI1045 steel pin under unidirectionally rotating, linearly reciprocating, and torsional motion was studied. The friction coefficients under unidirectional rotating, linearly reciprocating and torsional motion were 0.1, 0.118 and 0.12, respectively. The highest wear mass loss of PTFE was obtained under linearly reciprocating. The wear mass loss under torsional motion was lowest. The wear mechanism of PTFE under unidirectional rotating, linearly reciprocating, and torsional motion was slight plowing, serious abrasive wear, and adhesive wear, respectively. Through finite element analysis, a higher normal stress induced by the edge effect of steel pin promoted a higher shear stress in PTFE disk. The plastic ratcheting mechanism occurred on the contact edge when the steel pin entered and exited the contact zone, as led to higher wear mass loss under linearly reciprocating and unidirectional rotation. The plastic ratcheting mechanism did not occur under torsional motion. Different transfer films with various topographies were formed on the steel pins under the three motions.
Introduction
It is important to estimate wear characteristics of friction pairs with wear testing. However, it is rare for friction or wear characteristics of materials or machine elements to be estimated from a full-scale test. These characteristics are usually obtained from a simplified model test on a small scale tester. Pin-on-disk (surface contact) wear tester is widely used in tribological experiments [1, 2] . There are different relative motion types for pin-on-disk wear tester, which are unidirectional rotating and linearly reciprocating motion, as shown in Figs. 1(a) and 1(b). The relative motion influenced the tribological behavior of friction pairs. Marui and Endo [2] investigated the effect of reciprocating and unidirectional sliding motion on the friction and wear characteristics of a friction pair structured with a copper pin and a steel disk. It was found that the lip formed at the rear end of the copper pin specimen is more remarkable under unidirectional sliding motion than that under reciprocation motion because of the unchanged speed direction. Perez Delgado et al. [3] studied the tribological behavior of WC-6 wt. %Co-pin-on-WC-10 wt. %Co-disk in linearly reciprocating and unidirectional rotation contact. Higher friction coefficient and wear levels were found in unidirectional rotating sliding experiments compared to linearly reciprocating test conditions. The scuffing behavior of gray iron and 1080 steel against 52,100 steel in linearly reciprocating and unidirectional rotational sliding was researched by Han et al. [4] . The scuffing resistance is higher for the 1080 steel than for the gray iron under the reciprocating motion, whereas it is just the opposite under the rotational motion. The tribological performances of different polyetheretherketone (PEEK) components were evaluated on linear reciprocating, rotating pin-on-disk and thrust washer tribometers [5] .The friction coefficient and wear loss of PEEK decreased with the order of rotating, reciprocating, and thrust washer.
Another motion for modes for pin-on-disk wear tester is reciprocating rotational motion, namely, torsional motion [6, 7] , as shown in Fig. 1(c) . It is widely occurred in friction damper used in constructions [8] , blade disk used in gas turbine engines [9] , center plate of a bogie and other reciprocating rotation parts of conveyances [10] . Zhang et al. [11] studied the tribological behavior of monomer casting (MC) nylon center plate of bogies against 45 steel under unidirectional rotational and torsional motion. It was found that friction coefficient under torsional motion was higher than that under unidirectional rotational motion. The mass of MC nylon samples increased after torsional wear. The wear mechanism under torsional condition showed more severe adhesive wear and fatigue wear than that under sliding condition. Under sliding condition, continuous transfer film with large area formed on the surface of 45 steel plate, but under torsional condition, there were a few strips of transfer film in the center of contact region of the 45 steel plate.
PTFE is an important solid lubricant, commonly used as sealing and bearing materials. Its tribological characteristics were widely measured under unidirectional rotation and linearly reciprocating motion [12] [13] [14] [15] . A problem, however, is the lack of knowledge of tribological behavior of PTFE under torsional motion. In this paper, the tribological behavior of PTFE under unidirectional sliding, reciprocating sliding, and torsional motion was researched in order to examine how the tribological characteristics are affected by the geometry of the sliding motion worn surfaces of the PTFE and transfer films under the three kinds of motion were observed using a scanning electron microscope (SEM). Nonlinear threedimensional rigid-flexible simulation was undertaken to model the friction contact under experimental conditions.
2 Experimental Details 2.1 Materials. A commercially available PTFE powder with 8.88 Â 106-3.17 Â 107 molecular weight was processed in the form of a disk using a hot pressing sintering method. First, PTFE powder was put into a mold and compressed with 25 MPa pressure for 5 mins at room temperature. Then, the mold was sintered at 380 deg for 4 hrs in a high-temperature oven and carefully cooled down to room temperature at a pressure of 50 MPa. The PTFE disk, with a thickness of 6 mm and a diameter of 40 mm, was used as the lower specimen. The size of the counter pair, an AISI1045 steel-pin specimen, was U10 mm Â 8 mm. The mechanical 1 properties of PTFE were measured by the authors in Ref. [16] , which are listed in Table 1 . These specimens were polished to a surface roughness of Ra ¼ 0.032-0.063 lm.
Wear Tests.
The tribological behaviors of PTFE against steel under unidirectional rotation, linearly reciprocating, and torsional motion condition were evaluated on an UMT-tribometer, as shown in Fig. 2 . An AISI1045 steel-pin specimen was fixed to the torque sensor to link a three-dimensional (3D) force sensor. A flat specimen mounted on the rotary table was fixed the low-speed stepping motor. The PTFE disk specimen was fixed on the rotary table driven by a stepping motor. When the axial I does not align at the axial II ( Fig. 2(b) ), the unidirectional rotation occurred under the rotation of the rotary table. When the axial I aligns at the axial II ( Fig. 2(b) ), the torsional motion was formed under the twisting of the rotary stable. The difference between unidirectional rotation friction and torsional friction is the vertical alignment of the axes of upper and lower samples. The angular displacement of the contact pair was measured by an axial encoder fixed to the rotary table. Linearly reciprocating friction was achieved through the motion of the upper samples driven by the horizontal actuating device with the static lower sample. Friction torques of torsional friction test was measured and recorded by the torque sensor. The normal and frictional forces were measured by the 3D force sensor.
For the unidirectional rotation, the contact radius and angular velocity were selected as 10 mm and 3.33 rev/min, so the sliding linear speed was 3.5 mm/s. The reciprocating velocity was set as 3.5 mm/s with a stroke of 20 mm. In the case of torsional motion, the amplitude of the twisting angle was 30 deg with a frequency of 1.336 Hz, which was converted into a line speed of
where f is the twisting frequency. Therefore, the average linear velocity was ensured to be identical with the other two motions. For all the three motions, the normal load was set as 123 N. So that the external production of pressure and velocity (PV) value was equivalent. Each wear test runs for 360 mins under dry friction conditions in an ambient atmosphere with a relative humidity of 45-60%. Before and after the experiments, the PTFE disk and AIS1045 pin were carefully cleaned in an ultrasonic cleaner with alcohol and dried for 8 hrs. The weight of the PTFE disk was measured using an electronic balance with an accuracy of 0.01 mg. Then, the wear mass loss was calculated. At the end of each wear test, the worn surface of the PTFE and steel specimens was observed with an SEM. Figure 3 shows the friction coefficient and wear mass loss of PTFE with a 123 N normal load under three kinds of motion. It was noted that the friction coefficient was affected by the sliding motion. The highest friction coefficient, 0.12 6 0.0026, was obtained under torsional motion, and the friction coefficient under unidirectional rotating was the lowest, about 0.1 6 0.0006. The friction coefficient under linearly reciprocating was 0.118 6 0.0023. The effect of sliding motion on the wear mass loss of PTFE was the reverse to the effect on the friction coefficient, as shown in Fig. 3(b) . The wear mass loss of PTFE under the linearly reciprocating was about 2.06 mg, the highest among the three kinds of motion. However, the wear mass loss under torsional motion had a lowest value, about 0.64 mg. The wear mass loss under unidirectional rotating was about 1.28 mg. Figure 4 presents the SEM morphologies of the worn surface of PTFE under three sliding motions. It was found that the wear mechanism of PTFE was disparate under different sliding motions. There are slight plowings occurred on the smooth worn surface under unidirectional rotation. This plowings induced by the sharp abrasive particles is also observed by Unal under unidirectional rotation [17] . For the case of linearly reciprocating, serious wear with characteristic of deep plowings and wear particles were observed on the worn surface (Fig. 5(b) ). This indicated a serious abrasive wear mechanism. The similar wear mechanism of PTFE under linearly reciprocating was observed in Refs. [18] and [19] . Under torsional motion (Fig. 5(c) ), wear debris with the shape of sheet stuck on the worn surface of PTFE with slight plowing indicated that the wear mechanism was adhesive wear.
Results

Friction and Wear.
Discussion
The tribological behavior of a steel pin against a PTFE disk under unidirectional rotation, linearly reciprocating, and torsional motion was researched. It is interesting that the tribological responses of PTFE are different under different sliding motion. Transactions of the ASME For the external PV value of these friction pairs that was equivalent, the factors influencing the tribological behavior of PTFE maybe included: (1) contact mechanics and (2) transfer film.
Contact Stress.
A 3D finite element analysis (FEA) was undertaken with ANSYS software. Because the Young's modulus of steel pin is much higher than that of PTFE, a rigid body-onflexible body contact model was selected. The contact models under three motions were shown in Fig. 6 . The PTFE disk was meshed with 3D solid element SOLID185. The rigid steel pin surface is set as the target surface. TARGE 170 represents the 3D "target" surface for the associated contact element (CONTA174). The contact elements (CONTA174) overlie the solid elements describing the boundary of a deformable body and are potentially in contact with the target surface, defined by TARGE 170. The same hexahedral elements with a size of 280 lm were selected to mesh the wear paths. The nonwear zone was meshed with coarser elements. This approach was useful for having an optimum mesh density in the contact region and reducing the computational effort. Figure 6 presents the different normal contact stress of some selected points on PTFE disk during a running cycle under the three sliding motions. Under unidirectional rotation, the normal stress of point B, which first entered the contact zone, rapidly increased to 2.06 MPa, and then gradually decreased to 1.18 MPa with the contact zone moving forward. When point B exited from the contact zone with time increasing, its normal stress increased to 2.06 MPa again. The variation of normal stress of point A is similar to point B expect that the duration of point A was less than that of point B. The normal stress of point C experienced one peak value of 2.43 MPa for that it located on the periphery of wear track. There are two periodic stress variations in one reciprocating cycle because of these points pass the contact zone two times under linearly reciprocating. The normal stress of point A rapidly increased to 1.81 MPa when point A entered the contact zone. Then the stress decreased to 1.30 MPa with the contact zone moving. When the point A exited from the contact zone with time increasing, its normal stress increased to 1.81 MPa again. The normal stress of point B experienced one peak value of 2.20 MPa for that it located on the periphery of wear track. Under torsional motion, each selected point underwent a stable normal stress during one torsion cycle. The normal stress gradually decreased from periphery to the center in the contact zone. The maximum stress is 2.1 MPa. Compared the normal stress under three sliding motions, the PTFE disk underwent a dynamic normal stress under unidirectional rotation and linearly reciprocating during one running cycle. When the rigid steel pin and soft PTFE disk were pressed into contact, the discontinuity in slope of the profile at the edge of the steel pin gives rise to singular concentrations in contact pressure of PTFE disk [20] [21] [22] , as shown in Fig. 7 . Immediately beneath these edges, there are small zones of high shear stress szx of opposite sign at each edge. As the softer PTFE surface passes beneath the rigid steel pin, a thin surface layer is subjected to the biasing compressive contact stress, together with high shear stresses which change sign from entry to exit, thereby the plastic ratcheting mechanism occurred in a thin surface layer of PTFE disk [23] . Subsequently, these slivers broken off from the disk after repeated plastic ratcheting and higher wear mass loss was induced under linearly reciprocating and unidirectional rotation.
The torsional motion led to steady normal stresses during one torsion cycle because the torsion contact is an unexposed complete contact. The fluctuation of normal stress induced by the edge of pin disappeared, and the plastic ratcheting did not occur in this case. Meantime, wear debris produced in torsion contact interface could not escape from the contact and were squeezed on the worn surface of PTFE disk (as shown in Fig. 5(c) ). This led to that the wear mass loss under torsional motion was less than that of the other two motions.
Transfer Film.
It is known that the material transfer has significant effect on the tribological behavior of polymer-on-metal sliding pairs. To study the transfer film of PTFE composites under a different sliding motion, the worn surfaces of steel pin were observed, as shown in Fig. 8 . A coherent transfer film was observed on the worn surface of steel pin under unidirectional rotation ( Fig. 8(a) ). But there is a little transfer film on the worn surface of steel pin under linearly reciprocating (Fig. 8(b) ). In the primary stage of steel pin on PTFE disk friction, the transfer substance adhered to the steel pin because of static electric attraction and mechanical embedment of PTFE [24, 25] . The transfer substance of PTFE evolution into a coherent transfer film under the effect of norm al and unidirectional shear stress in unidirectional ration because of the low surface energy of PTFE and the easy sliding between chains in banded crystalline of PTFE [26, 27] . The coherent transform film provides shielding of the soft PTFE surface from the hard metal asperities so that the worn surface of PTFE is smooth (Fig. 4(a) ). And it acts as a lubricant so that the friction coefficient is much lower under unidirectional ration motion ( Fig. 3(a) ). For the case of linearly reciprocating, the transfer substance of PTFE was removed to form wear debris under the alternating shear stress, as induced higher wear mass loss of PTFE disk (Fig. 3(b) ). In the absence of the transfer film, the exposed sharp asperities of steel pin scratched the soft surface of PTFE. The deep plowings were formed on the worn surface (Fig. 4(b) ).
In torsional motion, a thick and fractured transfer film was attached on the worn surface of steel pin (Fig. 8(c) ). Wear debris generated from torsion contact interface can't be expelled because that the interface between the steel and PTFE was always unexposed under torsion complete contact condition. The wear debris were squeezed repeatedly and developed into a thick transfer film adhered weakly on the surface of steel pin. Some of them transferred back to the surface of PTFE (Fig. 4(c) ). Finally, the friction between steel and PTFE evolved into the friction between the PTFE transfer film and PTFE bulk. This can vastly decrease the Transactions of the ASME wear of PTFE bulk. So the wear mass loss of PTFE under torsional motion was the smallest (Fig. 3(b) ).
Conclusions
In this work, the tribological behavior of PTFE disk against AISI1045 steel pin under unidirectional rotating, linearly reciprocating, and torsional motion was studied. The friction coefficients and wear mass loss were influenced by sliding motion. Under unidirectional rotating, linearly reciprocating, and torsional motion, the friction coefficients were 0.1, 0.118, and 0.12, and the wear mass loss was 1.31 mg, 2.06 mg, and 0.64 mg, respectively. The wear mechanism of PTFE under unidirectional rotating, linearly reciprocating, and torsional motion was slight plowing, serious abrasive wear, and adhesive wear, respectively. Through FEA, a higher normal stress induced by the edge effect of steel pin promoted a higher shear stress in PTFE disk. The plastic ratcheting mechanism occurred on the contact edge when the steel pin entered and exited the contact zone, as led to higher wear mass loss under linearly reciprocating and unidirectional rotation. The plastic ratcheting mechanism did not occur under torsional motion. Different transfer films with various topographies were formed on the steel pins under the three motions.
